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TECHNICAL. NOTE NO. 1138

STANDARD PROCEDURES FOR RATING AND TESTING
MULTISTAGE AXTAT.-FLOW COMPRESSORS

By NACA Subcommittee on Compressors

SUMMARY

In order to establish a standsrd procedure Tor rating and
testing multistage axlal-flow compressors, the NACA Subcarmittes on
Compresgors appointed a panel to write such a pracedure. This pancl
mede reccommendations for stendardlzation of test sebups, instrumen-
tation, test procedure, data to be taken, and the presentation of
the data. These vecommendations are presented.

INTRODUCTION

In the past, exial-flow compressors have been rated and tested,
insofar as practical, in asccordence with the standard procedures for
rating and testing centrifugal compressors. The current methods of
testing centrifugal compressors ere given in references 1 and 2. The
procedures for centrifugal compressors, however, have often proved
unsuitable for axial-flow types because of fundemental differences T
in design and applicabion. The Subcommittee on Compressors therefore
appointed a panel consisgting of Ti. Comdr, William Bollay of the
Bureau of Aeronautics, Navy Department, Mr. Arnold H. Redding of the
Westinghouse Xlectric Corporation, Mr. E. L. Hunsaker of the General
Blectric Company, Mr, John Talbert of the Wright Aeronautical Corpor-
ation, and Mr. John T. Sinnette, Jr., of the NACA to formulate a
gtandard procedure for rating and testing axial-flow compressors.

This report presents the recommendations of the pansl for the
standardization of the test setup, the instrumentation, the test
procedure, the data to be taken, and the presentation of the data.

The recommendations cover two types of setup: (1) those setups that

use an external drive for the compressor and (2) those setups in B
which the compressor is an integral part of a gas-turbine sngine, Jet-
propulsion engine, or composite power plant, T
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Derivatlons of important equations are presented in an appendix.
Alr charts obtalned fram reference 3, but in the notation of this
report, are alsgo presented for rapid calculation of compressor ner-
Tormance and thermodynamic sbates with greater accuracy than ls pos=-
sible with the equations based on normal air given in reference 1.

SYMBOLS
The following symbols are used:

Ao crosg-gectional erea in plane of outlet measuring instruments,
square feet

a local wveloclty of sound, feet per second

By, moisture correction factor for enthalpy as defined on page 17

By molsture correction factor for temperature as defined on
page 17

c chord of compressor Elaae

Ce chord of blades in final row

cp specific heat at congtant pressure, Btu per pound per °F

(for dry air at 58° F, 0.2400)

syecif'ic heat at constant volume, Btu per pound per Op (for

c

v
dry air at 59° F, 0.1715)

D ingide diemeter of compressor casing at first row of rotor
blades

Do1 outer diameter of annular passage at inlet measuring station
(depression tank)

Dyq inner _dlameter of annular passage at inlet measuring station
(depression tank)

Dyo outer dlameter of annular passage ab outlet measuring stablon

Do inner dismeter of annuler pagsage at outlet measuring station

g gtandard acceleratlon of gravity, 52.174 feet—per second per
gecond

H enthalpy corresponding to stagnation conditions, Btu per pound

J mechanlcal equivalent of heat, 778,26 foot-poundé per Btu
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width of outlet-passege after last row of compressor blades,
Doz - D12
2

Mach number, V/a
mags ratio of water wvapor to dry air
rotor speed, rpm

eguivalent rotor speed, rum (rotor speed corrected to NACA
gtandard sea-level conditions) e

number of stages
gbsolute total pressure, pounds per square foot -

absolute static pressure, pounds per square foot

dynamic pressure, % o) Va, pounds per sguare foot
Reynolds number, pcV/u

gas constant for dry air

ges constant for moist air

radius, feet

flow area, squere feet o
total temperature, °R T
indicated or measured temperature, °r o

static temperature; °R ” _ ' EEEEEEEI

rotor speed at tip for first stage, feet per second

rotor gpeed at hub for first stage, feet per second
rotor speed at tip for last stage, feet per second
rotor speed at hub for last stage, feet per second ' R

relative alr veloclity, feet per second

flow rate, pounds per second
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equivalent flow rate, pounds per second (flow rate corrected
to NACA standard sea-level conditions)

T —— - P - - - _._. __,_.__
- 1

recovery factor of thermocouple probe as defined on page 15 S
engle between absolute air velocity and compressor axls

ratio of specific Leats, Cp/cv (for dry air at 53° F,
1.400; for other conditions, fig. 17)

increment of gtate function for actual process - ' - T

increment of stete functlon for ilsentroplc proceéss from inlet R
total pressure and temmereture to cmtlet total vpressure

ratio of inlet-alr total pressure to NACA standard asa-level
pressure (2116.2 1b/sq £%)

adiabatic efficiency (p. 13)
adiabatlc ghaft efficiency
adlabatic temperature-rige efficliency

ratio of inlet-air total temperature to NACA standard sea-
level temperature (518.6° R)

Sl

relative pregsure function for dry ailr

T c 4T
J hs)
(108, 1 - & 4::-"@*)

mags density, slugs per cubic foot

|
ill

al

mean pressure coefficilent per stage

-
| JAH

Y, o= —

e co 2 2
53<?ﬁ1 -, Cm2 :>' | :
2 \. 28 2z J _ _ T
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Uy = \/1/2 @122 + U022> T

Subscrints:
1 . inlet measuring station, station la =
2 . outlet measuring station, statlon 2a or 2b R
a averags
c compressor . L
a dry alr e
i inner dilameter o _
¢ outer dlameser o -
il on y and U indicates mean values as deflned under 1¥m

and Up e —
m . on H, R, and T indicates values for moist air - —
nax maximum ) P——
min minimunm
8 on. gtate properties_1ndipatesmvalqe_for_;senprogic process

TEST SETUP
Setup with Compressor Externally Driven

When the compressor is externally driven by a motor or othex

devicce that ig not an 1ntegra1 part of the power plant for which the
compreasor wag designed, a more elahorate setup can be made in order
to insure the greatest accuracy of the test results. The following
setup is recammended: -

Inlet. - An Inlet depression tank designed to insure smooth
entry “of tne air into the compressor should be nlaced.immediately

ehead of the compressor. Even when alr is teken directly from the
room, a depression tank is recammended in order to obtain the desired
accuracy of inlet-temperature measurement and freedom from rotation.

A suitable inlet tank is shown in figure 1(a). A tank diameter Dot D

at least three times the compresscr diameter D ig reconmended
although a dismeter as small asg 1.5 times the compressor dlameter ig
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pexmiggible, A bellmouthed Inlet should be provided to insure a
gmooth transition into the compreseor inlet. The diameter of this
bellmouthed inlet should be at least 2 compressgor diameters if the
tank diemeter is greeter than 2 compressor dlameters or should extend
to the wall of the tank if the tank diasmeter ig 2 compressor &lameters
or less. Comnressor-inlet measurements should bhe made approximately

1 comnressor dlsmeter ahead of the bellmouthed inlet (station la).

The dynamic pressure and temperaturs ghould be uniform at thils station
within the following limita:

s . z2
{amex = %) _ 4 01 @9.1.>
4 D

o)
Tmax - Ta < 1V F

At the campressor entrance (station 1b) any rotation shoculd not cause
the flow to deviate more then 3° fram the exiel éirection as deter-
mined by a survey with a yaw tube. (Suitable yaw tubes for such a
survey are described in refercnce 4.) -

In order to secure the regquired degroe of uniformity, omne or
more reinforced screens and possibly a honeycamb straightener will
generally be roequired, The last screen or straightener should be
placed svproximately 2 comnressor dismetsrs ahead of the bellmouthed
inlet~— Screens with 50-perceat openings, giving a prsssure drop of
about 2q¢, woere Tound to produce the maximum improvement in uni-
formity of flow (reference 5). Honoycamb straightencrs may be
required 1f approclable rotation has been introduced by elbows,
uneymmotrical throttles, and so Ffcrth, ahead of the tenk. The
straightoning roquiroments as woll as the losees can bv roduced to
a minimum with an axial apyproach to the tank and the usc of a gymmot-
rical throttle and a diffuser with a small divergence angle
(7° optimm). A diffuser with fairly large divergence angles (20°)
may bo used. without scrious difficulties if & scroon ise placod st the
downetroam ond to stabilizo tho flow (rufercnce 6).

The »receding description assumes that the com)ressor isg driven
from the outlet end. In some casges it may be necsgmary or more con-
veonient to drive the compressor from the inlet end. In this case,
modification of the inlet system as shown in figure 1(b) or 1l(c) is
recommended. The denrossion tenk ghould be large enough to encloss
whatever driving equipment is regquired 1mmediately_ahea¢_of the com-
preggor and gtill allow the same flow area through the depression
tank as in the setup vhers the drive ies from the outlet end. The
air-flow passage shead of the compressor should be falred to insure
smooth flow with a steady decrcase in flow area from measuring gta-
tion le to the cumpressor entrance.
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Heat transfer from the drive unit, the gears, and the bearings
to the inlet air should be kept below 0.2 percent of the total tem-
perature rise of the campressor at design conditions by meking appro-
priate insulation provisions. (See paragraph on insulation, p. 8.)

Outlet. - The campressor may be tegted either with or without a
diffuser. Somewhat higher accurecy can be obtained for the perform-
ance of the compressor proper when tested without a diffuser because
e straight paesage can be provided to obtaln more accurate outlet
measurements. For teests of the compressor without a diffuser, the
nutlet end should be set up essentially as shown in figure 2(a). The
air from the cumprossor discharges axielly into an annular collector
through a unifcrm annular passage that has the same inner and outer
dismeters as the exit from the last row of blades. The length of the
gtraight pessage should be a% leagt 2 blade helghts or chords, which-
ever is larger. Thse outlet measuring station 2e for all setups is
located in this passage 1 blade height or chord (whichever ig *arger) B
from the trailing edgss of the last blade row. For this reason the
walls of tho passage must bs egmooth and, if posalble, of constant
dismeter. (Imserts can be used tc build up the passage walls to con-
gtant dismeter if they taper.)

The discharge collector should be so designed thet the static-
pressure variations ercund the circumference at the ocutlet measuring
station 2a are less than 5 percent of the msan dynamic pressure. If
an excesgsive variation of statlc pressure dus to a nonsymmetrical
discharge exlsts, screens may bs used to advantage as shown 1in fig-
ure 2(a). Great cars must be taken that the flow resi'stances in these
screens end in the cutlet ducting does not preclude covering the
desired operating range of preasure ratios and flows. The recommended
collector dimensions are ag faollows: & minimum diameter of 2 com-
pressor dismetors and a minimum axial length of one-half compressor
diemeter. Other discharge arrangements such as properly designed
serolls or multiple guide vanes are permliesible provided these arrange-
ments wmchieve the required uniformity of static pressure at the outlet
measuring station and do not appreciably restrict the flow and thereby
lim:t the operating renge of the tests. - p—

When the compressor is furnished with a diffuser, 1t ls generally
deslrable alsc to determine the over-all performance of the compressor
and diffuser. A sultable setup for such tests is shown in figure 2(v).
In general, a straight section cannot be provided after the last row
of compressor blades as in the setup for test without a diffuser but
outlet measurements should still be made at 1 blade height or chord,
whichever is larger, from the trailing edge of the last row of blades
(station 2a). Caution should be used to minimize the effect of this
ingtrumentation on the readings taken at the following station. In
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order to obtain the over-all performance of the compressor and diffuser
pressure measurements should also be taken jJust beyond the outlet end
of the diffuser (station 2b). The recommendations for the collector
and outlet piping are the meme as for the sebtup wlthout a diffuser.

Alr facilities., - Whenever possible, altitude-exhaust facilities
and refrigerated 1nlet-air facilitles should be used in order to
obtain a wide range of air flows and inlet-air pressures and temper-
atures. In testing compressors at low pregsure ratics, a blower in
the alr-supply system can be used to advantage to obtain & wilde rangs
of flow éonditions. '

Insulation. - A minimum of 2 inches of hair felt (or the oquiv-
alent) should be used ta lag the compresgcr amd any other parts where
heat transfer would affect the indicated performance. If possible,
the compressor and collector should be mounted separate from the gear
box in order to eliminate heat transfer between these parts.

Setup with Ccmpressor Driven by Its Own Power Plant

When the comproessor is tested as en integral part of a complete
power plant and thus is driven by & sslf -cdntained turbine or engine,
the test setup will necessarily be different from that in which the
campressor is tested as-a separate unit and the range of speed and
air flow will be much rmiors limited. The inlet setup should be the
seme as that used for testing the campressor with an external drive.
Modifications of the compresscr-discharge passages to imtrease the
accuracy of meagurermnts will be impractical. Comgressor cutlet
measurements should, however, be made I blade helght or blade chord,
whichever is larger, downstream of the last row of compressor blades.
Care should be teken to sghield properly the discharge thermocounles
from radiation from burners. In order that the temperature-rise
meagurement may be used as a reliable indication of efficiency, the
compressor should be lagged., Altitude-exhaust facillties are useful
in extending the range <f the tesmts.

INSTRUMENTATTION AND MEASUREMENTS

The locations of the measuring statlions are shown in figures 1
and 2. The air flow may be-measured either before or after the com-
pressor. If any possibility cf apnreciable air leakage exists, meas-
urements at both the inlet and the outlet should be made as a check.
Every effort, however, should bo taken to eliminate leskage &s it may
introduce large errcrs in the performance results. At reduced inlet
pressures these errorsg may be greatly aggravated. Inlet-air flow may
be measured either before or after the depression tank, preferably
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before. . Alr flow may be meagured after the depression tank by cali-
bration of the bellmouthed iniet, but sufficient sensitivity will be
difficult to obtain over the entire range of the tests.

The instrumentation at the inlet station (station la) should
consigt of two total-pressure rakes located 180° apart, two thermo-
couple rakes 180° apart and 90° from the pressure rakes, and two wall
statlic-pressure taps 180° epart and 45° from the temperature and
pressure rakes. (See fig. 3.) ZEach total-pressurs rake should con-
sigt of three tobal-pressure tubes located to read the pressure at the
area center of equal areas. Each thsrmocouple rake should consist of
three thermocouples, each located at ths area center of equal areas.
Because the air velocity in the depression tank is usually very low,
care must be exercised to avold heat transfer between the room and
the thermocouple, especially that transfer caused by a slight leakags
of room alr through ths probe and aver the thermocouple Junction.

The leocation of the instruments at the outlet measuring station
is shown in figure 4 for the compressor without a diffuser. The
reguired pressures are vbtalned with four wall stetic-pressire taps
located 90° apart in the outer wall snd four in the inner wall. These
pressures should be geparately read. and srithmetically averaged. If
the compressor is tested with a diffuser instead of -a constant-ares
discharge ssctlon, messurements should be taken at the same &Xial
position (stat.on 2a) but four static-pressure probes mey bs used
instead of wall static taps. These probes should be 90° apart and

in the middle of the passags. In addition, four static-pregsurs ~~———

probes 90° apart should be placed at the second outlet station (sta-
tion 2b) in the middle of the passage to obtain over-all compressor-
diffuser performance. A suitable static-pressure probe 1s shown in
flgure 5. The two openings on opposite sildes cf this probe are con-
nected to seperate manometer tubes and, before readings are taken,

the direction of the probe is set to glve equal pressures at the two

openings. ———

The temperature at outlet stetion 2a should be read with six
total-temperature probes spirally erranged and located 60° apart, each
" at the area center of egual annular areas. (See fig. 4.) The outlet
thermocouples can be used to read the outlet temperature or connected
in series with the inlet thermocouples to read directly the tempera-
ture rise. A suiltadble temperature probe 1s shown in figure 6. The
recovery factor of this probe (based on information received from
Pratt & Whitney Alrcraft) is shcwn in figure 7 as a function of the
alr-stream velocity for air-stream totsal temperatures equal to the
amblent temperature and for air-stream tobtael temperatures approxi-
mately 100° F above the ambient temperature. As the range of pres-

sures and temperatures in these tests was small, the separate effects
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of Reynolds number, Mach number, and temperature level ceannot be .
determined. - As this probe is Insensitive to yaw up to approximately

+20°, 1t should need to be set only once during the tests. Because

of the high recovery factor and relatively low temperature error due

to heattransfer of this probe, 1t should be satisfactory in most

cases to ume & recovery factor of 1. For alr tempsratures above

s00° F or velocities below 300 feet per second, however, it—may be

necessary to shield thé probe and take other precautions to reducs

heat transfer by radiation and conduction. (See references 7 and 8.)

ACCURACY OF PERFORMANCE -

Becausge of the large effect of cdafpressor efficiency on over-all
performance of & gas-turbine or Jet engine, every effort should be
made to obtain hilgh accurmacy for the performance af compressors for
the se applications, Accurate shaft efficiencies, which require the
accurate meagurement of torgue input and gir-weight flow, are espe-
cially wvaluable although difficult to obtain with exilsting apparatus
amd techniques. In ordsr to evaluate the effect of small modificag-
tiong in the compressor design, it is considered very desirable that
the relative accuracy of the final efficiency be within one-fourth .
percent (that is, the results should be reproducible within this -
limit). In order to ctmpare the merits of compressors tested on -
different test stands, it is cconsgidered essential that the absolute »
accuracy of the efftlciency be within 1 percent., These accuracies
require careful ingtrumentation and techniques of measgurement,
Emphasis should be given to investigetions leading to the improvement
of meaguring apparatus and techniques, particularly with regard to =
the measurement of torgue and air flow, ; )

In all reports on ccmnressor performance, carseful estimates of
the accuracy of the various measurements and of the over-all perform- =
ance ghould be included in order that the reader know how reliable -
the tegt results are. _

TEST METHOD

When an external drive is used, tests should be run from 10 per-
cent of the design rotar speed N/,/B up to the maximum speed the
mechanical design will permit in increments of 10 psrcent of design
N/ /8. Inlet conditions for these tests should correspond approxi-
mately to sea-level pregsure ard raom temperature or to the highest
pressure that will enable cgverage of the gpeed range with the avail-
able power.
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Additional tests are desirable at 80, S0, 100, etc., percent of
design N/./@ up to the maximum safe speea. &t four additional sets
of inlet conditions; that is, two additional tests at ambient inlet
temperature and reduced inlet pressure, for exsmple, one-half and
one-fourth atmospheres, and two a,cld.itional tests with one of 'bhe inlet
pressures already used but with inlet temperatures of 0° ard -70° F
(or as low as practical).

Tegts should be run over the whole range of pressure ratios
obtainable with the equiyment. Where pogsible, these tests should —
extend Into the windmilling region. When test facilities do not per-
mit operation in this region, the lowest pressure ratlio should be
determined with the wide-onen ocutlet throttle. Test points should be
taken in the surge range whenever it is considered sefe to do so. T
The surge point should be indicated ag accurately as possible. o

When the compressor is driven by its own power plant, teating
will not generally be possible over the entire range recommended for
an external drive. Tests should then be run over the entire operable
range of the engine. ) : - =

The desired value of N/,/@ should be maintained throughout the
tests within %0.25 percent by adjusting the sveed to compensate for
variations in inlet temperature. At each speed and inlet conditionm,
at least 10 test points should he g0 chosen as to give approximately
uniform distribution of the points along the pexrformance curves of
nrossure ratio agalnst flow but with the points scmowhatb closer -
together near peak efficlency. T Co—=

After a tost point has been sct, test conditlcons should be allowed
to stabilize before data are taken. Stabilized conditions have been -
reacned when the cutlet temperature ceages to change, a process that
usually takes 5 to 15 minutcs. Bocauss sxiel-flow conprossor porf orm-
ance is sensitlve to accumuletion of dirt, chuck tests are d.eslrable
at periodic intervala. . - pe il

PRESENTATION OF DATA

The principal method of presenting compressor performance (fig. 8)
ghould coneist of curves of the over-sll prosaure ratio Pz/Pl plotted
against Wf /6 with percentage of dosign equivalent specd as & param-
etor and with efficicnecy (sither temperature-rise Np OF sheft 14 )
as contours. Wherevor possible both temperaturo-rise and shaft offi-
ciencies should bo presented. The pressurc ratio and efficlencies are
basged on ocutlet total pressures calculasted by the mothod. presentoa. “in
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appendix A, A table on the curve sheet should list N/,/6, percentage
of deslgn equivalent speed, and U/, B. Cross-sectlion paper with

20 lines per inch 18 recommended for the presentation of all data.

Two sheets are permlssible for covering the high-apeed and low-gpesd
tests separately with a scale sultable to each speed range. A verti-
cal line on the eir-flow scale should be used to indicate the theo-
retical meximum slr flow for the particular compressor under congsilder-
ation., The theoretical maximum air flow is calculated by assuming
sonic velocity at the minimum flow area shead of the first rotor
blades. The minimum flow area will usually occur immediately ashead
of the filrst rotor blades and be given by the expression

Yo
Spin = jr 2nr cog Rdr
r1

but for some compressor designg it may occur within the entrance guide
vanes. If the flow angle B 1g known at several points between the
inner and outer radius, this integral may readily be evaluated by
determining the area under the curve obtained by plotting 2nr cos B
as the ordinate and r as the absclssa. The meximum equivalent
welght flow through thle area is then given by the expression

(”i%@- = 49.4 Sy
. max

(based on dry air with 7y = 1,400). For comparing different ccmpres-

sorg, auxillary scales showing 'W~/§76D2 and the root mean pressure

ratio per stage (Pz/Pl)l/n should be given. The surge limit should

be shown wherever 1t 1g clearly defined. R

The followlng sscondary methods of presentation are aiso
recommended

1, Efficiency (tempersture~rise and shaft) plotted against W./6/6
for the low-speed range (or the entire range) with percentage aof design
equivalent speed as a paremeter, (See fig. 9.)

2. BEfficiency (temperature-rise and shaft) plotted against pres-
sure ratio P,/P; for the high-speed ramge with porcentege of design
equivalent speed &s & paramoter. (See fig. 10,)

3. Presgure coefficient Yy plotted against WA/9/5 with per-
cent—of design oquivelent speed as a paramcter. (See fig. 11.)
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4, Work-input factor Vp/n (for temperature-rise and shaft

efficiency) plotted against W,J- /5 wlth percentage of design equiv-
alent speed as a parameter. (See fig. 12.)

5. Mach number at the compressor oubtlet My (calculated by the

method given in appendix A) plotted against W,./6/8 with percentage
of design equivalent speed &s a parameter. (See fig. 13.)

o ——

The Mach number and the Reynolds number based on the relative
velocity at the entrance to the first rotor blades for design speed
at maximum efficiency and the test inlet conditions should be givem ————
on the principal performance curves. (See fig. 8.) The character- ~——~————
istic length in the Reynolds number should be taken as the appropriate
blade chord. Mach and Reynolds numbers should be glven for hub, mean,
and tip dismeters. B

Compresgor efficiency 1s defined as the ratio of the work -
required for isentropic (reversible adisbatic) compression from the
inlet total pressure P; to outlet total pressure P, (as deter-

mined in appendix A) to the actual work required; that is

- Isen‘bro;pic work
Actual work —

The work (in Btu/lb) for isentropic compression may be found
from the basic air charts (fig. 14); that is : -

Isentroplc work = AH

The actual work input (in Btu/1lb) may be determined from the
meagured shalft horsepower and bearing-friction horsepower; thus

550 Shaft horsepower - bearing-friction horsepowor
W

Actual work = G

The actual work input may alszo be determined approximately from the
temperature rige. If heat transfer is neglected, — . = =

Actual work = AH = By - Hy - o

The values of H, and Hp ocan be determined divectly from the air
charte (fig. 14) for the temperatures Ty and T,. Humldity correc-

tion can be applied by the nse of figure 15, These corrections should
be applied vhen m exceeds 0.0l, - (FPailure to correct for moisture
introduces an error of about 0.3 percent for m = 0.0l.) The methods
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of calculation, both with and without humidity corrections, are
1llustreted by exemples in appendix B, The value of m as a func-
tion of tempeisture for saturated alr at standard sea-level pressure
ig given In figure 16. The actual value of m for any glven inleb
condition may be determined (with sufficvient accuracy) by multiplying
the value obtained from the curve by the relative humidity (at the
compresgor inlet) and dividing by the relative pressure 5.

For small temperature rise, the specific heat (and hence 7)

may be considersd constant and therefore the expression for the
temperature-rise officlency can be written

Ts—@

Ts - Ty

Calculation of efficiency by means of this aqpatlon 15 permissiblo
faor temperature riss of less than 200° F provided thet a value of 7y
corresponding to the mean of the inlet and outlet tamperatures is
used, Tho correct vaelus of ¥ 1o use can be dotermined fram fig~
ure 17, which shows 7 as a function of the temporature and moisture
contont m., (For small temperature rige, an error in y of 0.1 per-
cont leads to an error in efficiency of about 0.25 percent.) Tho

ugo of eir charts is roguired for large tompersture rises and is
preforable even for small temperature risecs,

Alrcraf't Engine Research Laboratory,
Netional Advigory Committee for Aeronautics,
Cleveland, Ohio, April 23, 1946.
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APPENDIX A

CALCULATION OF OUTLET TOTAL PRESSURE AND MACH NUMBER

Tn the past, much uncertainty has been encountered in the deter-
mination of the outlet total pressure. In addition to large radial
variations, large circumferential veriations in total pressure due

to the wakes from the stator blades and nonuniformity of blading make

the accurate deteyrmination of the average total pressure difficult.
For most applications some diffusion is required. Because a uniform
velocity is desiraeble and generally glves a greater pressure recovery
than a nonuniform velocity with the same average total preseure, it
was considered undesirable to credit the compressor for flow energy
associated with nonuniformity of velocity. Based on these conaider-
ationg the following method for calculation of the outlst total pros-
sure P, from the continuity egquation on the assumption of & uniform

outlet velocity in the exizsl direction has been sdopted. On this

assumption, the compressor is not credited for ncnunifermity of veloc-

ity and deviation fram axial dischargse. The lmown guantities are The

outlet static pressure pp, the measured outlet temperature Ty,
the air weight flow W, +the outlet srea A, normal to the axis, and
the recovery factor o of the temperature probe. -

From the definition of the recovery factor

T -3
o = 12 - 2 i o e _(l)
TZ - %o ~ -
and the squation
1 v22 Cres e
Ty -tz = 5 pgs ) {2
Voo
-1"'2
Typ - tp = =2 55— a (3)

It YZ ig defined as

then egquaticn (2) gives

IF
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a2
-1 V2
Y, = & (5)

By the contlnulty equation

t . o
v, = o (6)
poho
the velocity can be eliminated from egustions (3) and (5), which gives
2
(7 = 1) RyalW
Tig = tg = e (7)
278pg" A2
and
2 - .
(y = 1) BaW
Yo = = ) 2 tz (8)
2ygp,” As°.

If equation (7) is golved for +, and the result substltuted in
equation (8) the following equation is obtained:

2(y - 1)By W7D,
78 sz Agz
2 = 2,

“l+ /1 +

(9)

Y

The outlet total pressure can then be obtalned from the relation

2

y-1
Py = by (¥, + 1) - -(10)

and the outlet Mach number from the relation

2Y
My = /55 (11)

In order to permit & rapid determination of Pz/ia2 and M,,

these quantitles, based on Ry = 53.345 and a mean 7y = 1,388 (corre-
sponding to dry air at 400° F), are plotted in figures 18 end 19,
resgpectively. )
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APPENDIX B

ATR CHARTS AND EFFICIENCY CALCULATIONS

A description of the air charts obtained from reference 3 and
examples showing the method of calculating compregsor efficilencies
from these charts are preseuted. T T T

Description of Charts

The basic charts taken from reference 3 are for "pure dry air!
defined as possessing the following mass camposition:

Oxygen 23.0 msrcent
Nitrogen 75.6 percent e
Argon 1.4 percent ' T Tz

In addition, correction curves are given that provide the adjustments.
to be applied to the air data to account for the effects of atmos- ~ ~
nheric water wvapor. - e ——

The basic ailr charts (fig. 14) express the relation between tem-
perature, enthalpy, and a relative pressure function II. (See refer-
ence 9 or 10.) The air charts are based on velues cbtained fram -
reference 9. The tables of reference 9 have been revised and extended ’
(reference 10), but the differences are small and should therefore -
have a negligible effect on the accuracy of efficiency calcula.ticn oo

for water vanpor are ghown in figure 15. The correction factors are -
so determined that o - _ —

LHy = L4Hg (3 + By)
and

ATy, = ATy (1L - Bt)

Compresgor-Efficiency Calculations
The nrocedure for the calculation of compressor officiencies i1s
illustrated by the following examples. The first oxemple neglects -
watcr-vapor corrections; whoreas the gecond cxample shows the method. -
of correction for water vapor. ST — =
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Example 1, - Given: P,/P; = 6.00, T7 = 540° R, Tz = 951.3° R,

ind the compressor efiiciency neglecting water-vanor corrections as

follows:
A. Igentroplc campression

Find AH for iIsentroplc compression of dry alr ag follows:
From the air charts (fig. 14), for T) = 540° R, find

Il = 2.862
end

H, = 33.62
For an isentroplc compression

Iy = (PZ/Pl) II; = 68 x 2.862

1

17.172
From the air charts with IIp; = 17,172 find
Hpy = 120,08
and thus
a'Hd = 86.46 Btu/lb

B. Actual campression

From the air charts for T, = 951.3° R find

and hence
AE = 133.53 - 33.82
= 99.91 Btu/1b
C. Adiabetic efficlency '

The adlabatic temoerasture-rise efficiency 1s

AE
7 = AR
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Example 2. - Assume the same data as used in example 1 with tke
additional information that m = 0.02 and find the compressor effi-
ciency taking account of water-vapor ccrrections.

A. Isentronic compression same as example 1 S ' -

B. Actual compression corrected to dxy air =

Ag the air charts are for dry alr, the actual temperabure rise
migt be corrected to dry-air conditions before using the charts.

From figure 15, for m = 0.02 and P,/P; = 6, find By = 0.006.

Then R —-
ATy = LTp/(L - By) T

= (951.3 - 540.0)/(1 - 0.0086) ~

= 413.8 ' . =

and hence - -

Tog = 540 + 413.8 = 953.3° R T2
Fram the air charts
Hoq = 134.15 Btu/lb
and hence : : -
LHg = 134.15 - 33.62 _:
= 100.53 Btu/1b = - o
C. Adlabatic temperature-rise efficiency T -

The adiabatlc temperature-rige efficilency is given by h e

) S
Tl!l‘l - AHm h e ———

As the enthalpy correction factor By 1is assumed to be the game for
actual end isuntropic campression : : - e
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- AHp N AHg (1 +Bh)
T T FE T AE, (L7 By

ABHy _  g8.45 i
LH, 100.53

= 0.8600
D. Adlabatic ghaift efficiency

The adiabetic efficlency may be celculated from zhait power
megsurements. Thua ) .

5:30 Shiaft horgepower - bhearing-friction horsepower

ARy = T

The adisbatic ghaft efficiency is then given by

_ AHy  aFy (1+By)

s = FE, T AHy -

where A Hy 1s the same as for the temperaturs-rlse efflclency and.
By, 1is ohtalned fram figure 1F. ' '
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Figure 3.

NACA TN No. 1138
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instrumentation of depression tank

at inlet to axial-ftow compressor (station ja).
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